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Questions Relating to the Attainment of 
Higher-Efficiency Crystalline Silicon Solar Cells 


1. WHAT ARE THE BEST EFFICIENCIES ATTAINED SO FAR? 

2. HOW WERE THESE CELLS DESIGNED AND FABRICATED? 

3. WHAT IS THE NEXT IMPROVEMENT STEP? 

4. HOW CAN IT BE ACHIEVED? 

5. WHAT IS THE REALISTICALLY EXPECTABLE "ULTIMATE" EFFICIENCY? 

6. WHAT IS NEEDED TO GET BEYOND THE NEXT STEP? 

A. Reduced recombination 

B. Other design parameters 
c. Is heavy doping needed? 

D. Auger recombination as limiter. 

7. HOW CAN RECOMBINATION BE REDUCED? 

A. Bulk recombination 

B. Surface recombination. 

8. DO WE UNDERSTAND THE DEVICE PHYSICS ADEQUATELY? 

A. Band-Gap narrowing 

B. Auger recombination 

C. High level injection 

D. 2- and 3- dimensional interactions. 

9. DO WE UNDERSTAND THE ORIGINS OF RECOMBINATION CENTERS? 

10. HOW CAN ONE PROCESS TO ACHIEVE REDUCED RECOMBINATION? 

11. ARE OTHER NEEDED TOOLS ADEQUATE? 

A. Modeling 

B. Analysis 

12. WHAT ARE THE INHERENT PERFORMANCE LIMITATIONS 
IN "LOW COST" CRYSTALLINE SI? 
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The Recent Approach 

a. THOPR OUGH DEVICE A NALYSIS CODPLED WITH MODELING 8 

• TO DETERMINE ALL LOSS CONTRIBUTIONS 

• TO IDENTIFY POSSIBILITIES FOR IMPROVED DEVICE DESIGN. 

b. GLOBAL DE SIGN V IEW OF DEVICE: 

• OPTIMIZED CONTACT DESIGN 

• DUAL AR OR TEXTURED FRONT SURFACE 

• FRONT SURFACE PASSIVATION (AT LEAST PARTIAL) 

• BSF AND/OR BSR DESIGN (LIMITED EFFECT) 

• SELECTION OF LOW RESISTIVITY FZ Si 

• PROCESSING TO MAINTAIN HIGHER FRACTION OF ORIGINAL Lb 

• OPTIMIZATION OF EMITTER IMPURITY CONCENTRATION FOR 

PRESENT DESIGN 


IN SUMMARY: 


S QUEEZE A LITT LE MORE PERFORMANCE OUT . 
WHEREVER CURRENT TEC HNOLOGY PERMITS. 
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Status of Solar-Cell Technology 


• TECHNOLOGY is AVAILABLE to reduce the contribution of each 
SECONDARY LOSS MECHANISM (reflection, contact shading, series 

RESISTANCE, ETC.) TO THE MAXIMALLY 2-31 iEVEL. 

• internal COLLECTION EFFICIENCY is generally > 90 »; ‘'saturates” with 

FURTHER REDUCED RECOMBINATION. 

• OPEN CIRCUIT VOLTAGE continues to substantially INCREASE with 
DECREASING minority carrier RECOMBINATION, up to basic recombination 

LIMIT (RADIATIVE AND AUGER). 

• CURVE FACTOR (fundamental part of fill factor) can INCREASE (with v oc ) 
by a FEW PERCENT. 

HIGH EFFICIENCY requires 

A GLOBAL VIEW of the DEVICE, so that 
ALL TECHNOLOGY-DETERMINED LOSSES 

WILL BECOME LOW. 

if ONE LOSS mechanism DOMINATES — > NOT OPTIMIZED 

— > R E D U C E IT 


The Next Step 

EACH or THE GROUPS ACTIVB IN EFFICIENCY IMPROVEMENT PEELS THAT THEY HAVE: 

•. MOT EXHAUSTED THE PRBSEMT APPROACH 

b. IDENTIFIED POSSIBILITIES FOR FURTHER OPTIMISATION IN THBIR PARTICULAR 
DESIGNS. 

C. SEASON TO BE CONFIDBT OP BEACHING 20% (AM 1.5) EFFICIENCY SOON. 
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Schematic View of the Solar Cell That Has Everything 
Photon Flux W t WWW 

Contoct Grid Structure 
Isolating Layer 
Textured Surface 
AR Coating 
Passivating Layer 
Potential Step 
Main Potential Barrier 
Potential Step 
Optical Reflector 

Passivating Layer 


Isolating Layer 

Reduced Contact 
Area 



Is Heavy Doping Needed? 

ITS PERFORMANCE- INCREASING APPLICATIONS: 

• REDUCE SHEET RESISTANCE 

• OBTAIN LARGER HIGH/LON JUNCTION POTENTIAL STEP, OR HIGHER DRIFT 

FIELD. 


ITS PERFORMANCE DECREASING ATTRIBUTES: 

• AUGER RECOMBINATION 

• BAND-GAP NARROWING. 
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The Three Principal Paths to Reduced Recombination 


DECREASE 

1. DENSITY of RECOMBINATION CENTERS 

• IN BULK N t (cm* 3 ) — ft HIGHER t 

• AT SURFACES N g<t Icm' 2 ) — > LOWER » 

2. VOLUME or AREA containing recombination centers: 

• "thin" layers 

• "dot contacts" 


3. DENS ITY OF EXCESS MINORITY CARRIERS 


• FAST REMOVAL TO OUTSIDE 

• "SHIELDING* WITH POTENTIAL STEPS 

• "ISOLATING* FROM HIGHER RECOMBINATION RATE 

• High dopant concentration 


FOR n coU 


FOR V oc 


Shielding With Potential Steps 


GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECOMBINATION CURRENTS) 


BY: 57 
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FORMS OF POTENTIAL "STEPS* ! 

• DRIFT FIELD REGIONS 

• HIGH/LOW JUNCTIONS 

• ACCUMULATION LAYERS (USUALLY UNDER INSULATORS, INCLUDING "TUNNEL CONTACTS*). 

• 'FLOATING* P" JUNCTIONS (OR INVERSION LAYERS). 

• BANDGAP CHANGES (USUALLY AEq WITH HIGH/LOW JUNCTION, "WINDOW LAYER*). 

LIMITS : 

• INCREASED DOPING AT *LOW* SIDE REDUCES AVAILABLE STEP HEIGHT. 

• 'HEAVY DOPING" EFFECTS ON "HIGH SIDE* LIMIT USEFUL STEP HEIGHT. 

• ABSORPTION W/O COLLECTION IN "WINDOW LAYERS.* 

• INTERFACE STATES AT TRANSITION TO "WINDOW LAYER." 
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Isolating With Thick Layers 


PRINCIPLE: 


I active.L, u . L 

1 VOLUME I 1 



MICH * 


' — » 

ISOLATING LAYER 

d > L 


Uillli: 


• ADEQUATELY HIGH LA . 

• AFFECTS COLLECTION EFFICIENCY, 
IF IN IPTICAL PATH. 
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Effective Bulk Recombination Mechanisms 


ihtrimsic (intsuamo) ucckbi nation j 


RADIATIVE 

AUGER? 


ULTIMATELY 

LIMITS 

EFFICIENCY 


PTRIBSIC ( BAND -TO- BOOED STATE) RECOMBINATION: 


THERMAL (PHONON ASSISTED) SEE 
( AUGER? ) 


EXTRINSIC RECOMBINATION CAM BE DECREASED BT REDOC INC TEE NUMBER OF BOOND 
STATES (RECOMBINATION CENTERS, 'DEFECTS'). 
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PLENARY SESSIONS 

° F p °OR quality 

Knowledge of Defects 

*. ARE 3 OMR DEFECTS MimUNSIC"? 

(NEUTRAL DEFECT WITH ACTIVATION ENERGY R* AT PROCESS TEMPERATURE "FROZEN IN.* 

IONIZED FRACTION AT DEVICE OPERATION TEMPERATURE FORMS RECOMBINATION CENTER, 

PARTICULARLY IN N-TYPE). 
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b. TRUELY EXTRINSIC ( PROCESS- INDUCED) DEFECTS 

• IMPURITIES (0, C, AU, T1 , Mo, Fe, ... ) 

BIG PROGRESS HADE IN DETECTING PRESENCE, DETERMINING CONCENTRATION. 
OPEN QUESTION OFTEN IS: INTERSTITIAL, SUBSTITUTIONAL, CONPLEXED, OR 
PRECIPATRD? 

0: PRIMARY SOURCE: CRUCIBLE IN Cz PROCESS. TECHNIQUES KNOWN TO REDUCE 
0- CONTENT TO O.i OF STANDARD LARGE-CRUCI BLE Cl PROCESS. 

0- CONTENT INCREASES WITH C- OR B-CONTENT. 

• CRYSTAL GROWTH DEFECTS. 

BIG PROGRESS MADE IN DETECTION, IDENTIFYING CRYSTAL GROWTH DEFECTS. 
STRONGLY CONNECTED WITH THE CRYSTAL GROWTH TECHNOLOGY APPLIED; 
TECHNOLOGY APPLIED SEEMS PRIMARILY DETERMINED BY THROUGHPUT, PRICE, 
AND WHAT THE MAJORITY OF USERS ARK WILLING TO ACCEPT. 


Reduce Volume Recombination Center Density 


• ORIGINAL MATERIAL PROCESSING; 

- FEWER IMPURITIES 

- ROLES OF OXYGEN, CARBON? 

- FEWER CRYSTAL DEFECTS (THERMAL ENVIRONMENT IN X-1AL GROWTH?) 

- ROLES OF DEFECT COMPLEXES 

• DEVICE PROCESSING: 

- NO NEW IMPURITY INTRODUCTION 

• REMOVE EXISTING DEFECTS (GETTERINC) 

- AVOID TRANSFORMATION OF DEFECTS TO RECOMBINATION CENTERS 
(EFFECTS OF THERM* L PROCESSES?) 

- FOSTER TRANSFORMATION OF RECOMBINATION CENTERS TO HARMLESS 
DEFECTS (PASSIVATION.- CHANGES OF COMPLEXES?; ROLE Of HYDROGEN?) 
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Steps toward Reduced Number of Recombination Centers 


1. IDENTIFY •DBnCT(S) m MRICH 
FORM RRCOMBIHATIOM CSVTtt(S) 

2 • IDWTirt SOURCE! S) or DRFKCT(3) - 

3 . FIND NAYS FOR ELIMINATING 
SOURCE! 3) OF DEFECT! 3) 

4. PASSIVATE EXISTING DEFECTS 


•ROAD RANGE OP DEFECTS AND OF ENERGY 
LEVELS IDENTIFIED 

INTERCONNECTION AND RELATIONSHIP TO 
RRCONB1KATIOM CENTER.* MADE IN ONLY 
A FEN CASES. 

QSOALLY NOT ENOVN. 

STILL MOSTLY "BLACK ART." 


LITTLE XNONN. IS «♦ THE BROAD 
SPECTRUM ANTIBIOTIC"? 


Swanson's Prescription for Processing 
for Reduced Recombination 

«. NEVES OSB NBTAL TWXESEBS ON WAFERS 

b. ALWAYS PEBPOBN BCA CLEANING SKPOR1 N1GN TSMPERATORR PBtCISS STEPS. 
C, PB0CE3S IN A CLASS 100 CLEAN AEEA 
d. PERIODICALLY CLEAN POINACE TONES MITE NCI. 


Passivation With Hydrogen 

• IT CAN NEOTRALItE RBCOMC I NATION CENTERS, APPARENTLY EVEN 
DEEP IN THE BOLE, PARTICULARLY AT GRAIN BOUNDARIES. 

• HYDROGEN INPLANTS PASSIVATE DANGLING BONDS, VNBBEVSB 
HYDROGEN IONS REACH THEN. 

• HYDROGEN INPLANTS NAY POSSIBLY ALSO PASSIVATE DEEP LEVELS 
( INPOBITIES) la SI. 

• TEE •?: PLANTATION* OP NYDNOGEN IONS, EVEN AT LOW ENEEG1ES 
CAOSES S PUTTEE ETCHING, LATTICE DAMAGE (200 A DEEP AT 
400aV) . 

• E7DEOGEN CAOSES NOES LATTICE DAMAGE TEAM AEGON, EVEN 
AMOBPBIfXY SDEPACE LA TEE, EOT P8WBE DANGLING NONDE 
(■PASSIVATES ITS OWN DAMAGE*) 

• WHETHER PASSIVATION DOMINATES OVER INTR090CED DAMAGE DEPENDS 
ON IMPLANTATION ENEMY, PRIOR PROCESS BISTORT. 

• RYDBOGSN IS ALSO RRONR TO EBDTRALISE • AS AN ACCEPTOR. 
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Reducing Surface Defects 


OXIDATION 

• MOST HIGH BPPICIENCY ecus NON USt SON* pom op oxyds passivation. 

• RSNAININC 5VRPACB RtCON* I NATION VELOCITY IS PUNCTION OP PREPARATION 
PROCEDURE PCR FORMING OXIDE LAYER. 

• DRY THERMAL OXIDE POLLONtO RY LON TEMPERATURE HYDROGENATION CAN YIELD 
HI ./-CAP STATE DENSITIES NEAR 1.10*°/<CN 2 eV), RUT „ i DAT ION FOLLOWED *Y 
AM INERT ATMOSPHERE ANNEAL CAM YIELD 1.10 9 /(CM 2 «V). l.a * 2 - 5 ca/» IN 
NIGH LEVEL INJECTION. 

a NITRIDING OXIDE LAYERS NAY INPORVE STABILITY, RADIATION RESISTANCE OP 
PASSIVATION LAYERS. 
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Top View 
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Modeling 

• THE •MODELERS - CAN ONLY INCORPORATE THE PHYSICS AS PRESENTLY 
UNDERSTOOD. 

• DIFFUSION PROFILES CAN BE “ANOMALOUS, - DEPEND ON MATERIAL 
PERFECTION. 

• THE ACHIEVEMENT OK THE ULTIMATE EFFICIENCIES WILL REQUIRE 
THE D>'1 A I LED SIMULATION OF ALL EFFECTS. THIS NEEDS 2 AND 
3 'DIMENSIONAL CAPABILITIES. 

• -UCH SIMULATION CANNOT BE ANALYTICAL, BUT MAY, FOR SPEED AND 
C T-SAVINGS, BE QUASI -NUMERICAL. 

ANALYSIS 

• MATERIAL ANALYSIS HAS REACHED IMPRESSIVE CAPABILITIES. 

• IN DEVICE ANALYSIS, THE SEPARATION OF BASE AND EMITTER 
CONTRIBUTIONS TO SATURATION CURRENT IS STILL TENUOUS, 
OFTEN LEADING TO CONFLICTING RESULTS. 

• PROGRESS IS BEING MADE IN DEVELOPING METHODS TO PERMIT 
DETERMINATION OF RECOMBINATION RATES IN DIFFERENT PARTS 
OF THE DEVICE, BUT FURTHER ADVANCES ARE NEEDED. 



(•) Schematic dreviag of the kink- tall • tincture of P profile „ 
which* hypothetically , may ba obtained by adding 'b> prof 1* ** of phy- 

sically distinguishable A end B atoms diffusing independent y. 
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Low-Cost Crystalline Si Is Primarily: 


• "CAST* INGOT NATES I AL (SEMIX, SILSO, HEN, etc.) 

• NOT- SINGLE CRYSTALLINE RIBBON (EPG, LASS, etc.) 


EFFORTS TO INCREASE GRAIN SIZE, REDUCE DEFECTS J 
PASSIVATE RENAI NING ONES, ALL SHOW PROGRESS. I 

I 

BUT: IT SEEHS IMPOSSIBLE TO COMPLETELY [ tSSIVATE 

ALL THE DEFECTS ASSOCIATED WITH GRAIN BOUNDARIES 

ALSO: FASTER, LESS CONTROLLED GROWTH NAY ALWAYS RESULT 

IN INCREASED NUMBERS OF IMPURITIES, CRYSTAL DEFECTS. 

CONSEQUENTLY : THE ULTIMATELY ACHIEVABLE PERFORMANCE MARGIN 

PELATIVE TO THAT OF SINGLE CRYSTAL DEVICES IS 
NOT KNOWN. 


• WEB-DENDRITE RIBBON IS IN A CLASS BY ITSELF. 

MAY HAVE POSSIBILITY, WITH INTERNAL GETT E R I NG AT TWIN 
PLANES, TO SURPASS THE QUALITY OF SINGLE CRYSTAL WAFERS. 


IN ALL METHODS, THE CONTROL OF THE THERMAL ENVIRONMENT 
DURING AND SHORTLY AFTER GROWTH APPEARS IMPORTANT. 
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Final Discussion 

• FOE HIGHEE EFFICIENCIES (AT LEAST > 20%), BETTER SINGLE 
CRYSTAL Si IS NEEDED. 

• IT SROQLD BE POSSIBLE TO BEING C7 Si TO THE SAME LOW- 
RECOMBINATION LEVEL AS P* Si. 

• HOW CAN DEVICES BE FABRICATED FROM THIS Si WITHOUT GREATLY 
INCREASING THE RECOMBINATION CENTER DENSITY? 

• ARE SPECIAL Si QUALITIES NEEDED TO PERMIT SUCH PROCESSING? 

• HOW CAN TBE PROGRESS MADE IN MATERIAL SCICNCE BE TRANSLATED 
INTO BETTER PROCESSING METHODS? 

• IF SOLAR CELL FABRICATORS WOULD SPECIFY THE QQALITY OF Si 
THEY NEED, WOULD Si MANUFACTURERS DELIVER TO THESE SPECIFI- 
CATIONS? 

• DO SOLAR CELL FABRICATORS KNOW WHAT SPECIFICATIONS TO WRITE? 
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